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Popular Summary

In 1998 and '99, the Arctic Ice Mapping (AIM) program completed resurveys of lines

occupied 5 years earlier revealing elevation changes of the Greenland ice sheet and

identifying areas of significant thinning, thickening and balance. In planning these

surveys, consideration had to be given to the spatial constraints associated with aircraft

operation, the spatial nature of ice sheet behavior, and limited resources, as well as

temporal issues, such as seasonal and interannual variability in the context of

measurement accuracy. This paper examines the extent to which the sampling and

survey strategy is valid for drawing conclusions on the current state of balance of the

Greenland ice sheet. The surveys covered the entire ice sheet with an average distance

of 21.4 km between each location on the ice sheet and the nearest flight line. For most of

the ice sheet, the elevation changes show relatively little spatial variability, and their

magnitudes are significantly smaller thmn the observed elevation change signal. As a

result, we conclude that the density of the sampling and the accuracy of the

measurements are sufficient to draw meaningful conclusions on the state of balance of

the entire ice sheet over the five-year survey period. Outlet glaciers, however, show" far

more spatial and temporal variability, and each of the major ones is likely to require

individual surveys in order to determine its balance.
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Introduction

I'hc Greenland ice sheet, a renmant of the Pleistocene, is the largest ice mass in the

northern hemisphere. Spanning an area of 1.75 x 106 km 2, and rising to an elevation of

approximately 3200 m, it plays an important role in the regional and global climate

systems through its exchange of energy, moisture, and momentum with the atmosphere.

Moreover, with a volume of 2.95 x 106 km 3 (8% of the world's total glacier volume) it

contains enough ice to raise the present'sea level by more than 7 m (Warrick et al., 1996).

The importance of Greenland in the changing climate and its potential impact on sea level

are underscored by the fact that the high latitude regions of the earth are believed to be

particularly sensitive to climate change (Mitchell et al., 1990). In contrast to the ice sheet

in Antarctica, that in Greenland experiences extensive summer melting, which is

responsible for an estimated 60% of its total mass loss (Weidick, 1985). Because

Greenland is much more temperate than its austral counterpart, and because the arctic is

believed to be more sensitive to climate change than the Antarctic, the near-term

contributions of the Greenland ice sheet to sea level rise are of great concern.

Consequently, it is important to understand the state of balance of the Greenland ice

sheet, and its response to a changing climate.

Much of an ice sheet's characteristics are manifest in its shape. The thickness and

surface slopes of ice sheets and glaciers are a response to conditions of flow and balance,

while changes in these characteristics are a direct measure of the mass balance. For this

reason, much attention has been paid in recent years to mapping the elevation of the



morecomprehensbeassessmentof icesheetthickening/thinningat lower elevations,and

t'ormajoroutlet glaciers. Suchmeasurementsarecrucial to understandingand

interpretingthe icesheetmassbalance.Prior to theAIM program,theseareaswerenot

reliably includedin large-scalemassbalancestudies.

In thispaperwe discussrecentairbornelasersurveysof Greenlandicesheetelevations

andelevationchanges,andassesstheextentto which thesurveystrategywaseffective.

Areasthatreceivedsufficient coverage.forglaciological interpretationare identified, but

more importantly,areasrequiringmoredetailedsurveysandimprovedsamplingarealso

defined. Factorsthat determinespatialcoveragenecessaryto assessmasschangesare

alsodiscussed.

Airborne Topographic Mapper (ATM)

The instruments used for the AIM surveys are two versions of the Airborne Topographic

Mapper (ATM-1 and ATM-2) flown on the NASA P3-B Orion aircraft. These sensors

combine high pulse-rate laser ranging (iap to 5000 Hz) with a scanning capability (Krabill

et al., 1995). The ATMs are currently operated with Spectra Physics TFR laser

transmitters, which provide a 250 p.J pulse that is 7ns wide at a frequency-doubled

wavelength of 523 nm in the blue-green spectral region, or with Continuum EPO5000

transmitters, which provide a 125 gJ pulse that is 1.5ns wide at a frequency-doubled

wavelength of 532 nm, also in the blue-green spectral region. The scanning is achieved



MeasurementStrategD'

Spatial considerations

Elevation surveys require a representative sampling that provides the most effective

coverage for the limited resources. Sampling across topographic boundaries (Figure 1) is

necessary because regions on opposite sides of major ice-sheet ridges are subject to

different climate and flow conditions. Spatially homogenous areas, such as the smoother

high-elevation regions of the ice sheet (generally above 2000 meters), require less detail

than the lower elevations which generally have more varied topography and dynamic

flow characteristics. Consequently, for the purpose of change detection, less coverage is

required at higher elevations, where essentially the only significantly variable mass

balance term is accumulation, which in general is relatively low (Ohmura and Reeh,

1991), and flow rates are small and unlikely to change over the time period between

surveys. More measurement detail is needed at lower elevations, where accumulation

rates are greaterand more variable, melting becomes a significant balance term, and flow

is more dynamic. This becomes especially important in the fast-moving, high-ablation

outlet glaciers. As a result, the desired sampling density for each

topographic/climatologic zone is such that sampling should increase with decreasing

elevation. Moreover, as each outlet glacier is unique, periodic surveys of each major

outlet glacier would be desirable. However limited resources requires a prioritization,

_vith the highest-discharge glaciers taking precedence. Among these are Jakobshavn



l'cmp,_ralsamplingis a critical componentof thechange-detectionmeasurenlertt

stratcg), both in termsor"thetime intervalbetweensurveys,andtiming of thesurveys

within theannualcycleof masslossandgain. Given thestatedaccuracyof thesurveys,a

detectedchangeof lessthan 10cm Is within themeasurementerrorsand is thereforenot

consideredsignificant.

Evenchangesin excessof 10cm maybeapart of thenaturalvariability of ice sheet

surfaceelevation,asconditionsdo notremainconstantfrom yearto year,but rather

fluctuate. Consequently,selectingatime interval of sufficient lengthis necessarysuch

that theeffectsof naturalvariability canaverageout over time. VanderVeen (1993)

showedthat theprobability that theobservedsignalmay beattributableto natural

fluctuationsin accumulationexceedsAl is:

P(A,) = 2[1-erf (-_c _)]
(1)

where the number of years between surveys is n, and o'c is the standard deviation of the

interannual accumulation rate. Using this relationship for the Summit area of the

Greenland ice sheet, where crc is small,-Van der Veen and Bolzan (1999) showed that a

five-year time interval separating surveys is sufficient to identify a climate signal, and

that little is gained by longer time separations. It follows from Equation 1, however, that

the likelihood that an observed elevation change is attributable to something other than

natural fluctuations is strongly tied to the magnitude of the change in relation to the

backdrop of the interannual balance variability; i.e. the more variable the net annual

balance, as is the case further south and at lower elevations, the greater an observed



II

Prior to thcse surveys, very little '_vas known about the actual elevation change rates on

the ice sheets. _ith the exception of some strongly contested satellite radar altimeter

anal.vses of the higher elevations (Zwally et al., 1989). Consequently, in addition to

providing intrinsic dh/dt information, these surveys yielded reconnaissance data at coarse

resolution that can be used to identify areas of most significant change, which could then

be the focus of more detailed studies in the future.

The chosen survey flight trajectories are shown in Figure 1. They were planned in the

early 1990's without any foreknowledge of the patterns of thickening and thinning, and

reflect our best efforts to balance spatial and temporal considerations, with feasibility and

resource issues. The time interval selected between repeat surveys was 5 years, with the

southern regions (south of 71°N) surveyed in 1993 and again in 1998, and the northem

areas (north of 71°N) in 1994 and 1999. The size of the ice sheet made coverage of the

entire ice sheet in a single year impractical.

To minimize the effects of seasonal variability, the surveys were planned for May of each

year, prior to the onset of melt. However, the 1993 and 1998 surveys of the southern

Greenland ice sheet could not be made'until late June/early July because of necessary

aircraft maintenance and availability issues. Fortunately, these surveys were made at the

same time of year relative to each other, so differences due to the seasonal effects are

believed to be minimal, particularly at the higher elevations.
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throughoutthesoutheast(ast'arnorthasKangerdlugssuaq),southwest(southof

Kangerlussuaq)andnorthwest(betweenJakobshavnand"Fhule),hasbeenobserved

(Krabill et al., in press). In thesecases,it is likely that theglaciersandicesheettam'gins

betweenthesesurveysarebehaving'similarly in a qualitativesense,but quantitative

assessmentswill requiredetailedsurveysof eachglacier.

To assessthedegreeto which thedh/dtmeasurementsshownin Figure2 adequately

describetheice sheetelevationchanges,it is necessaryto gaugethedistanceoverwhich

dh/dtmeasurementsthemselves(Fig. 3) werespatiallycoherent. In areaswherethe

variability betweendh/dtmeasurementsis low, the separationbetweenflights canbe

large,andwhile conversely,in areaswherethevariability is foundto behigh, flight line

spacingmustbesmall. To estimatevariability, weexamined,for eachgrid point, the

-. standarddeviationof all measuredvaluesof dh/dt within adistanceof 22km -

approximatelytheaveragedistancefrom points on the icesheetto thenearestflight line.

Resultsareshownin Figures4 and5. We assumethe along-trackdh/dtvariability to be

representativeof all directions,which is supportedby generalconsistencyin different

directionsat crossoverpoints. We furtherassumethat theareasbetweenthe

measurementsbehavesimilarly to thoselocationswherethe observationsweremade.

The elevationchangecharacteristicsof the ice sheetaresufficiently small that errors

associatedwith theseassumptionsarelikely to besmall. Closerto themargins,these

assumptionsare lessvalid; however,in theseregionswe sampledsomeof themost

variablefeaturesand,therefore,haveareasonableupperboundon thedh/dtstandard

deviations.



sheet,evenat low elevations,samplingis sut'ficient,in anaveragesense,to characterize

theelevationchanges.

Outletglaciersaremoredifficult to characterize.As eachof theseindividual glaciers

maybesubjectto uniquebalanceconditions,sufficientunderstandingof thebehaviorof

eachcannotbe interpolatedor extrapolatedusingdatafrom nearbysurveys. For example,

someglaciersshowthinning ratesof severalm peryear,suchasKangerdlugssuaq

(Thomaset al., 2000),while at nearbylocations,e.g.King ChristianIV Glacier, 100km

to theEast,thinning ratesarenearlyanorderof magnitudelower. In partsof western
b

Greenland, thinning glaciers are in close proximity (100 km) to thickening ones (Krabill

et al., in press). Furthermore, the thickening/thinning behavior observed with the surge

of Storstrommen Glacier (Reeh, et al., 1994) is not at all indicative of the behavior of

other glaciers in the vicinity, that have not surged. It is clear that individual detailed

surveys are needed to adequately characterize the behavior of individual outlet glaciers,

which collectively are responsible for roughly an estimated 40% of the ice sheet mass

loss (Weidick, 1985).

Conclusion

Prior to the AIM program, there was considerable debate over the state of balance of the

higher elevation regions of the Greenland ice sheet, and virtually nothing was known

about mass balance at the more dynamic lower elevations. The AIM program has not
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lhe role of airborne laser elevation surveys in the l\Lture is likely to tbcus more

specifically on the study of the outlet glaciers. With the planned launch of the Ice Cloud

and Land Elevation Satellite (ICESat), coverage of the ice sheet will be very dense, with

laser shots fired approximately every 175 m in the along-track direction. Ground tracks

will be approximately 7 km apart near the southern tip of Greenland, and near the

northern ice sheet margin, separation will be 2 km. Moreover, the capability of ICESat to

make measurements on relatively steep slopes will provide excellent coverage of most of

the main ice sheet, including the lower elevations, which are changing rapidly. However,

while some information about outlet glacier elevation changes will be retrievable, the
b

ground tracks will be limited. Efforts to understand the detailed behavior of the

mechanisms that affect discharge will require targeted airborne surveys along the

glaciers, with trajectories specifically tailored to each.
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m (shown in green), the variability is much greater, and a larger dh/dt signal is necessary

in order to be determined significant. The combined results are shown in black.
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Figure 2



Figure 4


